The magneto-ionic effect is a promising method to control the magnetic properties electrically. Charged mobile oxygen ions can easily be driven by an electric field to modify the magnetic anisotropy of a ferromagnetic layer in contact with an ionic conductor in a solid-state device. In this paper, we report on the room temperature magneto-ionic modulation of the magnetic anisotropy of ultrathin CoFeB films in contact with a GdO x layer, as probed by polar micro-Magneto Optical Kerr Effect during the application of a voltage across patterned capacitors. Both Pt/CoFeB/ GdO x films with perpendicular magnetic anisotropy and Ta/CoFeB/GdO x films with uniaxial in-plane magnetic anisotropy in the as-grown state exhibit a sizable dependence of the magnetic anisotropy on the voltage (amplitude, polarity, and time) applied across the oxide. In Pt/CoFeB/ GdO x multilayers, it is possible to reorient the magnetic anisotropy from perpendicular-to-plane to in-plane, with a variation of the magnetic anisotropy energy greater than 0.2 mJ m À2 . As for Ta/CoFeB/GdO x multilayers, magneto-ionic effects still lead to a sizable variation of the in-plane magnetic anisotropy, but the anisotropy axis remains in-plane. Published by AIP Publishing.
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Voltage control of magnetism in metallic thin films has attracted great interest in the scientific community, both for fundamental and technological reasons. The idea of manipulating a parity-even time-odd vector (magnetization) by means of a parity-odd time-even vector (electric field) is very intriguing and challenging. 1, 2 On the other hand, the electric control of magnetic properties holds potential for solving the current bottleneck of spintronics and magnetic logic: the writing of a magnetic configuration in an energy efficient and scalable way. 3, 4 First demonstrations of the voltage control of magnetic properties in thin films were achieved in hybrid piezoelectric-metal systems, via inverse magnetostriction. 5, 6 A purely electric control of magnetic properties was then demonstrated in magnetic thin film immersed in an electrolyte, by the effect of the large electric field confined at the interface between the metal and the liquid. 7 Recently, electric field effects on magnetic properties were demonstrated in all-solid-state devices, exploiting mechanisms such as interfacial hybridization induced by a change in electronic d orbital population, magneto-electric coupling in multiferroics and accumulation of charges induced by ferroelectric polarization in artificial multiferroics. [8] [9] [10] [11] [12] [13] On a parallel line, ion migration has been widely exploited in non-magnetic devices, e.g., made by an oxide layer sandwiched by two metallic layers, suitable for resistive switching technology. 14, 15 The magneto-ionic effect, i.e., the electric control of magnetic properties mediated by ion migration, 16, 17 is a physical phenomenon connecting these two fields. In this context, some of us recently proved that the voltage-driven migration of oxygen in the Pt/Co/ GdO x system is able to dramatically modify the magnetic properties of the cobalt layer, changing the Magnetic Anisotropy Energy (MAE) at the interface by $0.75 mJ m À2 at room temperature. 18 A more recent paper reported on voltage control of magnetism in Pt/Co/Gd 2 O 3 by reversible oxidation at high temperature (200-260 C), estimating a similar MAE variation (0.73 mJ m À2 ).
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In this paper, we report on the electric field control of the interface anisotropy mediated by magneto-ionic effects in a different system, Pt(Ta)/Co 0.6 Fe 0.2 B 0.2 /GdO x multilayers. At variance with previous works on magneto-ionic effects in Co thin films, here we use a CoFeB ferromagnetic layer. This choice is motivated by the technological relevance of this material, due to the record magnetoresistance obtained in CoFeB/MgO based tunneling junctions at room temperature, and its wide use in other fields such as magnonics and magnetic logic. [20] [21] [22] [23] As grown films of CoFeB on Pt display perpendicular to plane magnetic anisotropy (PMA), while those grown on Ta present conventional in-plane magnetic anisotropy (IMA). We show that the magnetic anisotropy of ultra-thin CoFeB films grown on top of Pt can be electrically reoriented from perpendicular-to-plane to in-plane and vice-versa, similarly to the case of Pt/Co/ GdO x . 18, 19 For CoFeB thin films grown on Ta, the switch between IMA and PMA cannot be achieved electrically, but a sizable variation of the CoFeB magnetic properties is still induced, as seen by the variation of the slope of the hard axis loops measured by polar magneto optical Kerr effect (MOKE).
In order to achieve magneto-ionic control of anisotropy in CoFeB, multilayers with structure sub//Ta(4)/Pt (10) Published by AIP Publishing. 110, 012404-1 sub//Ta(4)/Co 0.6 Fe 0.2 B 0.2 (0.9)/GdO x (4) (CFB-Ta from now on) were sputter deposited on thermally oxidized silicon substrates (sub) with SiO 2 thickness of 50 nm. Thicknesses are expressed in nanometers. The growth was performed at room temperature by DC sputtering in Ar for all the layers except GdO x , whose growth was carried out by reactive sputtering of a metallic Gd target in a mixed Ar and O 2 atmosphere. All layers were grown in a magnetic field ($10 mT) directed along the plane of the sample. In Figures 1(a) and 1(b) we show Vibrating Sample Magnetometry (VSM) measurements of as-grown multilayers at room temperature. CFB-Pt samples display a strong perpendicular magnetic anisotropy, while CFB-Ta ones have an in-plane magnetic anisotropy, thus underlying the predominant role of interfacial anisotropy induced by Pt to achieve PMA. As expected, we do not see secondary hysteresis loops coming from paramagnetic GdO x . VSM measurements yield a saturation magnetization M S ¼ 1080 kA m À1 and M S ¼ 850 kA m À1 in the case of CFB-Pt and CFB-Ta, respectively. The M S value found in CFB-Pt films is in agreement with the literature on CoFeB thin films, while the reduced value found in CFB-Ta films could be ascribed to a mild oxidation of the magnetic layer, probably driven by the gettering action of oxygen by the Ta layer underneath the ultrathin CoFeB layer. 24 Oxygen atoms may be incorporated in CoFeB either during its growth (due to presence of some residual oxygen atoms in the chamber which are captured by the Ta template) or also during the reactive sputtering of GdO x , because of the permeability of the polycrystalline ultrathin CoFeB layer, which cannot completely passivate the Ta layer. As a matter of fact, a reduced M S value was reported for CoFeB/Ta films grown in contact with other oxides. 13 We have estimated the effective anisotropy constant in the virgin state of the samples using the formula
where H K is the saturation field along the hard axis. The effective magnetic anisotropy constant is
in CFB(0.9 nm)-Ta, where a positive sign indicates PMA. CFB-Ta presents a uniaxial magnetic anisotropy in the plane, whose easy axis direction is set by the small magnetic field applied during the growth. Noteworthy, in case of CFB-Ta, we were not able to drive the magnetic anisotropy out of the plane by ex-situ annealing, by contrast to what happens, e.g., in Ta/CoFeB/MgO or Ta/CoFeB/BaTiO 3 . 13, 22 The difference in magnetic anisotropy between CoFeB grown on top of Pt and Ta may be attributed to the different hybridization at the interface and spin-orbit interaction of the two materials. 25 Other effects, such as strain or asymmetries in interfacial bonding, could also play a role. 26 The layout of the CFB-Pt patterned samples and the scheme of the measurement are shown in Figure 1(c) . Circular thin gold contacts (3 nm thick and 100 lm wide) were fabricated on top of CFB-Pt and CFB-Ta samples by sputtering with shadow masks, providing an array of capacitors. We acquired polar micro-Magneto Optical Kerr Effect (l-MOKE) hysteresis loops at normal incidence, during the application of a voltage across the oxide, in air at room temperature. A red laser of wavelength k ¼ 655 nm was focused to a spot dimension of $3 lm at the top of the patterned samples, passing through the gold contact and allowing to measure the CoFeB hysteresis loops with a sufficient signal/ noise ratio, thanks to the transparency of GdO x and the small thickness of the gold layer. The acquisition of each MOKE hysteresis loop took 200 ms and an average of 10 hysteresis loops was taken. In this configuration, MOKE probes only the magnetization component perpendicular to the plane of the sample, which direction is the easy axis in the as-grown CFB-Pt and the hard axis in as-grown CFB-Ta. No sizable contribution to the MOKE signal is expected from paramagnetic GdO x at room temperature. Also supposing that oxygen migration leads to the formation of metallic Gd clusters, the Curie temperature (T C ) of bulk metallic Gd is 293.2 K (Ref. 27 ) and we expect an even lower T C for clusters, so that the MOKE signal can be unambiguously attributed to CoFeB. From now on, a positive voltage corresponds to a positive voltage drop DV between the top (Au) and the bottom (CoFeB) electrode (see Figure 1(c) ). Negatively charged oxygen ions (O 2À ) are attracted toward the positive pole. Therefore, a sizable oxidation (reduction) of the CoFeB layer is expected for positive (negative) voltage DV applied across the capacitors. This is the main mechanism leading to magneto-ionic effects, as demonstrated by Transmission Electron Microscopy-Electron Energy Loss Spectroscopy and X-Ray Magnetic Circular Dichroism in previous studies on Cobalt. 18, 19 The electric resistance of the capacitors is only slightly altered upon application of voltages on the order of 62 V, from the GX to the 100 MX range; overall the GdO x behaves as an insulator and most of the voltage drops across the GdO x layer.
In Figures 2(a)-2(j) , we present data obtained in the perpendicularly magnetized CFB-Pt sample as a function of the applied voltage DV. The initial state (t ¼ 0) was prepared after a forming process, applying À2 V for $10 s and then þ2 V for $20 s. After this preparation, we found a steady state with a perpendicular easy axis, shown in Figure 2(c) , having a coercive field l 0 H C of 2.5 mT and a remnant magnetization M R /M S approaching 100%. We then apply (t ¼ 10 s) a negative gate voltage (À2 V), driving oxygen into the CoFeB magnetic layer. This results in a drop of the coercive field H C , the remnant magnetization M R /M S and the MOKE signal DI/I, calculated as the ratio of the magnetic signal amplitude to the average normalized intensity, as shown in Figures 2(a) and 2(b) . The magnetic signal amplitude DI is defined as the difference between the maximum and minimum Kerr light intensity recorded by the photodetector during the magnetic field sweep. Note that only few seconds are required to reach a steady state in presence of a negative gate voltage DV. The loops in Figures 2(d)-2(f) show a change in the shape of the hysteresis loops, which gradually becomes like hard-axis. This indicates a change from an out-of-plane to an in-plane magnetic easy axis, as previously demonstrated in a Pt/Co/GdO x system. 18, 19 Finally, we apply a positive gate voltage (t ¼ 22 s), so as to drive the oxygen out of the magnetic CoFeB layer and restore the initial state in terms of all the three parameters under study. This recovery process is presented in Figures 2(g)-2(j) . The final loop in Figure 2 (j) has a magnetic coercive field l 0 H C of 2.6 mT and M R /M S approximately equal to 100%, so that the parameters are the same as in the initial state of Figure 2(c) . Both the magnitude of the variation of the magnetic properties and the timescale of the evolution point to an effect mediated by ion migration, instead of a pure magnetoelectric effect induced by the electric field at the GdO x / CoFeB interface. The excursion of the electric field at the surface of the CoFeB layer is approximately equal to 65 Â 10 8 V/m, when reversing the bias from þ2 V to À2 V. In case of systems directly controlled by an electric field, even for the prototypical case of CoFeB/MgO/CoFeB tunnel junctions, a field variation of this entity did not lead to a full reorientation of the magnetic easy axis, as that reported in the present paper. 11 Moreover, we observe a temporal evolution much slower than the one associated with the electric field only, which should be quasi-instantaneous. As a matter of fact, the behavior observed here is very similar to the one found in Pt/Co/GdO x , which stems from the voltage controlled oxidation of the Co layer. 18 Comparable results have been obtained on a similar CFB-Pt stack with a 0.9 nm thick CoFeB layer, thus indicating the robustness of the magneto-ionic coupling with respect to the thickness of the layer (see Figure S2 in the supplementary material). Note that the switching can be reversibly performed many times at low bias. If a high unipolar bias is applied for a long time, a permanent deterioration of the system is seen with appearance of some irreversibility (see Figure S3 in the supplementary material). The evolution for positive applied voltage is much slower, taking around 60 s to be completed, consistently with what was found in Co. 18, 19 Bi et al. suggested that this asymmetry in the evolution times may be related to the different CoO/Gd 2 O 3 barrier between the oxidized and non-oxidized case. 19 The fact that the process is slower for positive applied voltage is somehow counter-intuitive, since Gd 2 O 3 is thermodynamically favored over the formation of any of the Co or Fe oxides. 28 A possible explanation is that, when a negative voltage is applied across the structure, an oxygen ion O 2À can easily move into the CoFeB layer, by creating a vacancy. On the contrary, if a positive voltage is applied, an oxygen ion O 2À cannot move in GdO x , unless it annihilates a vacancy, which must migrate to the GdO x /CoFeB interface. The migration of the ion and the vacancy to the same place is an additional step with associated energy barrier and characteristic diffusion time, which slows down the process. See the supplementary material for further details.
Since the magnetic anisotropy switches from perpendicular-to-plane to in-plane (implying a change of sign of the effective anisotropy constant), the variation of K s is at least greater than the initial value. From the knowledge of the effective magnetic anisotropy constant K eff of the virgin state, as measured by VSM (see Fig. 1 ), we can set a lower limit of the interface magnetic anisotropy variation
where t is the thickness of the CoFeB layer. Magneto ionic effects have been investigated also in case of multilayers with in-plane anisotropy, by fabricating capacitors on the in-plane magnetized CFB-Ta sample, whose VSM is shown in Figure 1(b) . The layout of the CFBTa patterned sample is similar to the CFB-Pt one shown in Figure 1(c) , except for the absence of the Pt layer and a different nominal CoFeB thickness, which is 0.9 nm in this case. In Figure 3 , we present selected polar MOKE loops acquired as a function of the voltage. The curves display no hysteresis and a linear behavior which is consistent with the VSM measurements performed in a wider range of magnetic field (see Figure 1 ), thus indicating a magnetic hard axis along the direction normal to the plane of the sample in the virgin state. The application of a gate voltage for a few seconds allows to change the slope measured in the MOKE hysteresis loops. The maximum slope we were able to achieve by a positive voltage was 4.2 times the slope of the virgin state, while the minimum slope, obtained by a negative voltage, was about 0.3 times that of the virgin state. Unfortunately, we could not measure by MOKE the saturation magnetization nor the variation of the anisotropy field (the electromagnet available on the setup was limited to 500 Oe); therefore, a quantitative determination of the magnetic anisotropy energy variation is prevented. Most probably, the increase in the slope in MOKE loops for positive voltage is partially due to the reduction of the CoFeB layer, which is expected to increase the saturation magnetization, and partially to the increase in the positive PMA contribution to the effective anisotropy constant K eff , which is negative for in-plane anisotropy. According to the Stoner-Wohlfarth model, the slope of the loop measured along a hard-axis is given by l 0 M S 2 /(2jK eff j), so that both an increase in M S and a decrease in jK eff j can contribute to the variation seen in Fig. 3 between the black (as-grown) and red (þ10 V) loops. The as-grown film appears oxidized, as confirmed by the reduced saturation magnetization measured by VSM, so that the application of a positive voltage induces a partial reduction of the CoFeB layer. As previously reported for the Pt/Co/GdO x system with PMA, the interfacial Co oxidation promotes PMA but an over-oxidation can drive the system into an easy-plane anisotropy state. 19 We thus speculate that in our case the application of a positive voltage partially reduces the CoFeB layer, while preserving an interfacial oxidation condition, which maximizes the PMA contribution to K eff . On the contrary, the application of a negative gate voltage drives oxygen into the CoFeB layer which further oxidizes this layer. This leads to a decrease of both M S and interfacial PMA (i.e., an increase of jK eff j) thus explaining the decrease of the slope of the MOKE loop taken after application of a negative voltage (blue curve in Fig. 3 ). According to our interpretation, the electrical modulation of the magnetic anisotropy observed in Pt and Ta capped CoFeB/GdO x samples has the same physical origin, related to magneto-ionic effects. The CFBTa system with an in-plane easy axis in the "as-grown" state behaves similarly to the CFB-Pt system displaying PMA: a positive gate voltage strengthens the out-of-plane component of the anisotropy (i.e., increases the value of K eff ), while a negative gate voltage weakens it, regardless of the buffer layer/CoFeB interface.
In summary, we have demonstrated the existence of magneto-ionic effects in CoFeB/GdO x systems with as-grown in-plane and perpendicular-to-plane easy axis, grown on top of Ta and Ta/Pt buffer layers, respectively. In both cases, we observe a decrease (increase) in the perpendicular to plane magnetic anisotropy when oxygen is driven into (out of) the CoFeB film via electrically induced migration of oxygen ions in GdO x . For Pt/CoFeB/GdO x stacks, a magneto-ionic mediated spin reorientation transition has been achieved by application of 62 V, associated with an interface magnetic anisotropy energy variation greater than 0.2 mJ m
À2
. In the case of Ta/CoFeB/GdO x structures, a sizable electrical modulation of the CoFeB magnetic properties has been achieved, but the magnetic anisotropy remains in-plane for applied voltages up to 610 V.
See supplementary material for measurements of uniaxial in-plane anisotropy in CFB-Ta multilayers, comparison between CFB-Pt and CFB-Ta samples with identical CoFeB thickness, multiple switching, and thermodynamic considerations. 
